A numerical method from the mesoscopic point of view is proposed to describe the fracture process of concrete. At mesoscopic level, concrete is considered as a three-phase composite consisting of mortar matrix, coarse aggregate and interfacial transition zone (ITZ) between them. According to the grading of coarse aggregate obtained from sieve analysis, the random aggregate models with polygonal aggregates were generated by Monte Carlo random sampling principle. In this work, the tensile cracking is assumed to the only failure criterion at the mesoscopic scale; and the stress-separation law based on the fictitious crack model is adopted to allay the sensitivity on mesh size in the softening regime. The nonlinear finite element method is used in the simulation of concrete under bend loading. The influence of the shape of aggregate on the macroscopic response of concrete is also investigated. Numerical results show that the strength of the specimen with circular aggregate is higher than the specimen with arbitrary polygonal aggregate. The predicted bending strength agrees well with experimental data.
Introduction
Concrete is a composite material with a variety of heterogeneous. Neither linear elastic fracture mechanics nor elasto-plasticity models can adequately describe the mechanical properties of concrete. From a mechanical point of view, Plain concrete can be regarded as a three-phase material made of mortar matrix, coarse aggregate and ITZ. At this level, the influence of the aggregate on the mechanical properties of concrete, which including the size, shape, grading and distribution of the coarse aggregate, can be investigated well. Consequently, it is beneficial to directly generate the random microstructure models of concrete for studying failure mechanism of concrete. Wittmann [1] concluded that there are three levels, i.e. microscopic level, mesoscopic level and macroscopic level, to study the mechanical properties of concrete. There exist several meso-mechanical models in the literature, Such as random particle model [2] , lattice model [3] , micromechanical model [4] and random aggregate model [5] etc. These models make a great achievement in the study of failure mechanism of concrete.
In this paper, random aggregate model is adopted to study cracking mechanism concrete under bend loading. To alleviate the sensitivity of numerical results on mesh size, the stress-separation law based on the fictitious crack model is adopted in the softening regime.
Mesostructure generation
Mesoscopic models have proven to be the most suitable and practicable approach for studying the influence of aggregates and ITZ around them on the macroscopic properties. The evaluation of the composite behavior of concrete at this level requires the generation of a random aggregate structure. The randomness of concrete mesostructure must satisfy the basic characteristics of the real material. The size and grading of aggregate of concrete can be obtained from the sieve analysis.
It is evident that the shape and distribution of coarse aggregate influence the mechanical behavior of concrete. The spatial distribution of the aggregate particles must be as statistical homogenous as possible. In order to generate such a mesostructure, the Monte Carlo method is useful to randomly generate the layout of aggregates. In the most of existing models, the shapes of aggregate are assumed as circular (2-D) or spherical (3-D) particles. For the crushed rock aggregates, it is necessary to propose a more rigorous method for modeling the aggregate shapes. In this paper, A software 2D-RAS 2D-Random aggregate structure is adopted for modeling arbitrary shapes of aggregates, which is proposed by Du and Sun [6] . The method can be described as follows: (a) generating randomly three points on each circle's contour; (b) generating an acute triangle by controlling the cosine of the angle in the triangle positive; (c) the arbitrary polygonal aggregate can be derived from the original triangular aggregate. The original random triangular aggregates determine the diameter and final geometric configurations of aggregates. This algorithm avoids the inefficiency of algorithm and low aggregate content of other algorithms. The typical mesocsopic structure with its finite element mesh generated by the software is shown in Fig. 1 : dark gray represents aggregate; light gray represents mortar matrix; and white represents interfaces.
Fig. 1 Typical mesoscopic structure

Constitutive relation
There is an important issue when considering failure of quasi-brittle materials, which is the observation that the materials are not perfectly brittle after reaching the ultimate strength. The cohesive forces that exist in this fracture process zone must be taken into account.
When there is no reinforcement in significant regions of the model, the tension stiffening approach will introduce unreasonable mesh sensitivity into the results. Most of standard local continuum models suffer from the dependency of the results on the mesh size. However, the socalled fracture energy, the energy required to open a unit area of crack, is adequate to allay the concern for many practical purposes [7] . The fracture energy is as a material parameter, using brittle fracture concepts. With this approach the concrete's brittle behavior can be described by a stressdisplacement response rather than a stress-strain response. In this study, the quasi-brittle failure constitutive model based on the fictitious crack model is used to model the cracking failure process of concrete. The stress-separation curve with the shape of exponential decay is investigated; the cohesive forces can be expressed as [8] ()
Where t f denotes the ultimate strength of the material, and f G is the fracture energy. For elements under tensile stresses, the stress-strain is considered linear elastic up to the tensile strength. Since the tensile cracking is assumed to the only failure criterion, all elements subjected to compressive stresses are assumed linear elastic. The constitutive relation adopted in this paper is shown in Fig.2 . 
Experiment results
In order to verify the numerical simulation method, it is beneficial to conduct some related experiments at this level. So, it is necessary to carry out some experiments dealing with each phase of concrete. Grading refers to the determination of the aggregate size distribution, usually expressed in terms of cumulative percentage passing through a series of sizes of sieve openings. The result of aggregate sieve analysis is shown in Fig.3 . Then, the mesostructure of the concrete can be generated using software of 2D-RAS.
To directly study the mechanical behavior of concrete at mesosccopic level, some mechanical properties of each phase of concrete is also investigated in this work, some testing results are given in Table 1 . Finally, the flexural strength of simple supported concrete beam is conducted, as shown in Fig.4 . The average ultimate loading is 23.5kN. Note: The strength of concrete, matrix and aggregate is splitting tensile strength, uniaxial compressive strength and uniaxial compressive strength, respectively.
Numerical specimen under bend loading
The geometry and boundary condition are described in Fig.4 . For simplicity, only the mid-span of the beam with the length of 100mm is taken as the three-phase composite. The both ends are assumed as linear elastic material. The adopted material properties of concrete in calculations are shown in To check the current model for mesh objectivity, three finite element models with different number elements have been generated for the same aggregate layout. The mesh sizes are 35868, 58634 and 93257 elements (with the different thickness of ITZ, 0.6, 0.4 and 0.2mm). The three models are assigned the same material properties for each phase material of concrete. The macroscopic load-displacement curves for specimens with different number of elements are shown in Fig.5 . Results show that the model is mesh objective, given that the mesh is fine enough to Key Engineering Materials Vols. 348-349represent the heterogeneity. Besides, many researchers simplify the aggregate as circular particles for simplicity. But the difference of predicted results from the shapes of aggregate is seldom investigated. The difference of numerical results of the specimens with different shape aggregate is given in this work. As shown in Fig. 6 , the particle shape has some influence on the macroproperties of concrete. The predicted strength of the specimen with circular aggregate is higher than the specimen wit1h arbitrary polygonal aggregate. In addition, the predicted ultimate loads agree well with experimental data, the maximum error is approximately 5%. 
Conclusion
In this work, the mesoscopic numerical simulation of the concrete material is presented, in which the aggregate are simulated as arbitrary polygon and the finite element boundaries are coincident with material interfaces. The stress-separation law based on the fictitious crack model is adopted to allay the mesh dependency. Numerical results show that the current model is mesh objective. The aggregate shape has some influence on the macro-properties of concrete. The predicted strength of the specimen with circular aggregate is higher than the specimen with arbitrary polygonal aggregate.
